Abstract: A scanning near-field optical microscope (SNOM) is employed to directly visualize the focusing and focal depth modulation effect of a step corrugated nanoplasmonic slit fabricated with focused ion beam milling.
INTRODUCTION
Since the extraordinary transmission was discovered in 1998 [1] , the nanoplasmonics field has thrived rapidly by witnessing exponentially growing publications each year [2] [3] [4] . With the ability to manipulate light in nanoscale with great simplicity, nowadays nanoplasmonics has been redeemed as the new solution for ultra-miniaturized all-optical devices for a diverse range of applications including high resolution imaging, optical data storage, nano-photolithography, bio-and chemical-sensing, quantum and atom optics and telecommunications [2] [3] [4] . Among these applications the intriguing lensing property of nanoplasmonic slits has made them extremely useful, since electromagnetic (EM) field can be concentrated into a subwavelength spot by employing a simple groove surrounded nanometric slit milled in a thin metallic film [6] [7] [8] [9] .
RESULTS AND DISCUSSION
The general design of the plasmonic slit is shown in Fig. 1 . When a TM polarized (magnetic field parallel to the y direction) monochromatic plane wave impinges on the slit, it excites collective oscillations of the electrons at the surface, which is known as surface plasmon polaritons (SPPs). The SPPs propagate along the surface of the metal film and are diffracted to the far-field by the periodic grooves, which are designed with a width smaller than half of the incident wavelength to allow a high diffraction efficiency [10] . Constructing interference of such diffracted beams leads to the focusing effect at a certain point on the beam axis [11] . Since the diffracted beams are modulated by the nanometric grooves, through adjusting the parameters of the grooves (such as their width, depth, period and number), the diffracted beams can be fully manipulated resulting in a tailored ultra-compact lens with subwavelength resolution and nanometer accuracy [6] . Most interestingly, it has been numerically found [10] that the relative phase at the exit end of the slit increases steadily with the increasing groove depth, making it possible to achieve continuous phase retardation by simply designing surrounding grooves with stepped depths. This has led to a great simplification of the plasmonic lens design without increasing the groove number. In this paper, by using focused ion beam (FIB) milling, step corrugated plasmonic slits were fabricated and their functionalities have been rigorously examined by a scanning near-field optical microscope (SNOM). Compared with most far-field characterization techniques such as using a charge coupled device (CCD), SNOM offers resolution down to nanometer scale (30-80 nm), which is far beyond the diffraction limit and is essential for characterizing nanoplasmonic devices. More importantly, it provides highly correlated topographic and optical images simultaneously, which reveals the physical origin of the plasmonic lensing effect by directly visualizing the interaction of the evanescent component with the local nanostructures. In the SNOM measurement, both near-field and far-field intensity distributions at different planes vertical to the optical axis have been obtained and compared with simulation results using the finite difference time domain (FDTD) method. It has unambiguously revealed that the transmitted light has been effectively focused by the nanoslits. With a change in the height of the nanocorrugations in a stepped manner, the transmitted beam has been focused with different focal depths, suggesting that the plasmonic lenses function well as designed and thus the manipulation of focal depth through phase control has been experimentally demonstrated.
To examine the phase control properties three types of slits have been designed and fabricated in a 200-nm thick gold film on a quartz substrate using FIB milling [19] . The 'flat' type is formed by milling a 200-nm wide slit surrounded by grooves with the same height (h=80 nm). The periodicity and width of the grooves are d= 420 nm and w=200 nm, respectively. The length of the slit and grooves are 10 μm. The design of the 'concave' or 'convex' type is exactly the same as that of the 'flat' one, except that the height of individual groove is different so that they form either a 'concave' or a 'convex' profile analogous to the profile of a conventional lens. The detailed parameters of the three types are presented in Table 1 . 
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